Previous study on the binding properties of a lectin isolated from Codium fragile subspecies tomentosoides (CFT) indicates that this lectin recognizes the GalNAcal-* sequence at both reducing and nonreducing ends. In this study, the carbohydrate specificity of CFT was further characterized by quantitative precipitin (QPA) and inhibition of lectin-enzyme binding assays. Of the glycoforms tested for QPA, all asialo-GalNAcod-* containing glycoproteins reacted well with the lectin. Asialo hamster and ovine submandibular glycoproteins, which contain almost exclusively Tn (GalNAcal-»Ser/Thr) residues as carbohydrate side chains, and Streptococcus type C polysaccharide completely precipitated the lectin added, while the GalNAcpi-^containing Tamm-Horsfall Sd(a + ) glycoprotein and its asialo product were inactive. Among the oligosaccharides tested for inhibiting lectin-glycoprotein interaction, GalNAcal->3GalNAcpi->3Galal->4Galpl-> 4GIc(Fp) and Gaipi->3GalNAcal->benzyl (Ta) were the best, and about 125-fold more active than GalNAc They were about 3.3, 6.6, and 43 times more active than Tn containing glycopeptides, GalNAcal->3(LFucotl-> 2)Gal(A h ) and Gal31->3GalNAc(T), respectively. From the present and previous results, it is concluded that the combining site of CFT is probably of a groove type that recognizes from GalNAcal-> to pentasaccharide(Fp). The carbohydrate specificity of this lectin can be constructed and summarized in decreasing order by lectin determinants as follows: Fp and Ta > Tn cluster > A^> I/O.
Introduction
The lectin from the subspecies (tomentosoides) of the green marine algae Codium fragile (CFT) has a molecular mass of 60,000, composed of four subunits of 15,000 Da each joined by disulfide bonds. This lectin agglutinates human red blood cells regardless of ABO blood group type, but reacts better with papain-treated A, cells (Roger et al., 1986) . In our previous work, we have established that this lectin prefers the a-anomer of GalNAc and recognizes GalNAcal-) sequences at both reducing (Tn and T determinants) and nonreducing (human blood group A active sequence) ends, but reacts poorly with the Gaipi->3/4GlcNAc (I/II) sequence (Wu et al., 1995a (Wu et al., , 1997 . Here we describe the further characterization of the specificity of CFT using newly available ligands, and show that it has a particularly high affinity for the Forssman pentasaccharide and for Gaipi->3GalNAcal-benzyl.
Results

Quantitative precipitin assay
The results of the quantitative precipitin reactions of CFT with glycoproteins and polysaccharide are shown in Figure 1 . The maximum precipitation of each glycoform, and the amount required for 50% precipitation are listed in Table I . Of the twelve glycoforms tested, asialo ovine (Figure la) and hamster (Figure lb) submaxillary glycoproteins, in which over 98% of the carbohydrate side chains are GalNAca 1 -> linked to the OH group of Ser or Thr of the protein core (Tn) and Streptococcus type C polysaccharide (Figure Id) which has a terminal nonreducing GalNAcal-» linked to a rhamnose backbone (Krause and McCarty, 1962) , completely precipitated the lectin added: less than 1 u-g of glycoprotein was required to precipitate 50% of 4.7 (xg lectin nitrogen. Both active and inactive antifreeze glycoproteins ( Figure Id) , the carbohydrate side chains of which are exclusively Gaipi-»3GalNAcal->Ser/Thr (Ta), and asialo BSM-major, in which half of the carbohydrate side chains are Tn residues, also reacted well with this lectin. They precipitated over 71% of the lectin added. But the GalNAcpi-» containing Tamm-Horsfall Sd(a + ) urinary glycoprotein and its asialo product (Figure la), and arabinogalactan ( Figure Id) which is a L-arabino-D-galactan mixture of two monosaccharides with a ratio of L-Ara, to D-Galp residues varying from 1:4 to 1:8, with 1:6 being the most prevalent (Whistler and Richards, 1972) , were inactive.
Inhibition of lectin-glycoform interaction
The affinity profile of CFT for asialo OSM was determined by a lectin-enzyme binding microtiter plate assay (ELISA) (Duk et al., 1994) , in which arabinogalactan served as a negative control. As shown in Figure 2 , when a constant amount of 20 ng of CFT was added to quantity of asialo OSM ranging from 1.0 ng to 800 ng, the lectin reacted to a maximum interaction at about 3 ng glycoprotein added. For the inhibition studies, 2 ng asialo OSM was used to coat each well. The ability of various sugars to inhibit the binding of CFT by asialo OSM is shown in Figure 3 and the amounts required for 50% inhibition are listed in Table II . Among the oligosaccharides tested for inhibiting lectin-glycoprotein interaction, GalNAcal-» 3GalNAcpi->3Galal->4Gaipi-»4Glc(Fp) (curve 1) and Gaipi-» 3GalNAcal-»benzyl(Tot) (curve 2) were the most potent inhibitors, which were about 125 times stronger inhibitors than GalNAc (curve 7). They were about 3.3, 6.6, and 43 times more active than Tn containing glycopeptides (curve 3), GalNAcal->3(LFucal->2)Gal(A h ) (curve 4] and Galpl-> 3GalNAc(T) (curve 6), respectively. p-NO 2 -Phenyla-GalNAc (curve 5) was about 3 times as active as Gaipi-»3GalNAc (T) (curve 6), indicating that the a-anomer of GalNAc is important for binding, while GalNAcpi->3Galal->methyl, Gaipi-»4Glc, and Gal were poor inhibitors (Table II) .
Discussion
During the past two decades, quantitative precipitin (QPA) and precipitin-inhibition (QPIA) assays of lectin-glycoform interactions, which are based on the precipitin assay originally developed for antigen-antibody complexes (Kabat, 1961 (Kabat, , 1976 , have been successfully used to characterize the binding properties of lectins (Wu et aL, 1980 (Wu et aL, , 1988 (Wu et aL, , 1992 Wu, 1984; Goldstein and Poretz, 1986; Gupta and Brewer, 1994; Brewer, 1996) . These two assays can provide insight into the specificities and size parameters of lectin combining sites. However, application of QPA and QPIA to study the binding properties of lectin glycotopes has limitations-these include that the reagents used have to be soluble; the reagents (lectins, glycoproteins and inhibitors) are, in general, required in relatively large amounts (u,g or u-mol); and the lectin-glycoform complex has to form insoluble particles to obtain a precipitate. Since many important ligands, such as GalNAcal-»3GalN Ac (F determinant), have been available in small amount only, we developed a new and highly sensitive microtiter plate assay using biotinylated lectins (Duk et aL, 1994; Lisowska et aL, 1996) . In this system, the amount of haptens required is only about 1/10 to 1/1000 of that needed for the QPA and QPIA.
In QPA, the amount of ligand necessary to precipitate 50% of the lectin has been used in the interpretation of quantitative interactions, in which high ligand affinity and valency of a glycan indicates that a lesser amount of glycan is required to reach 50% precipitation of lectin nitrogen added. Such information can not be obtained by the lectin-enzyme binding method (Duk et al., 1994; Lisowaka et aL, 1996) . In this study, almost all precipitation interactions in Figure 1 follow a bell shape. Thus, it can be assumed that the active determinants of the glycans are relatively homogeneous and follow the precipitation profiles of Ag-Ab interactions (Kabat, 1976) . The binding of CFT to increasing amounts of immobilized asialo OSM is shown in Figure 2 ; it also forms a bell-shaped curve. This may imply that immobilization of the excess amount of asialo OSM is not complete but loosely bound and that the complexes are easily washed off. However, this has to be further verified.
The results of the quantitative precipitin assay demonstrated that CFT reacted strongly with all of the tested GalNAcal-» containing glycoproteins, especially with asialo ovine ( Figure  la (Table I) , indicating high ligand and valency affinity of these glycoproteins for CFT. It is also shown that CFT reacted well with active and inactive antifreeze glycoproteins ( Figure Id) , which contain only Gaipi->3GalNAcal-> Ser/Thr (Ta) as carbohydrate side chains (de Vries et al., 1970) . However, CFT precipitated poorly with Tamm-Horsfall glycoprotein (Figure la ) that carry the Sd(a+) blood group active determinant, GalNAcpi-»4 (NeuAca2-» 3)Gaipi-»4GlcNAcpi->3Gal. These results indicated that this lectin recognizes mainly GalNAcal-), but not GalNAcpi-» sequences.
From the present study, we determined that GalNAcal-) 3GalNAcpi-) 3Galal-)4GalBl->4Glc (Forssman pentasaccharide, Fp) (Curve 1 in Figure 3 and Table II) and Gaipi->3GalNAcal-KTa) (Curve 2) were equally active and 43 times more potent than Gaipi->3GalNAc (T) (Curve 6, Table II) while T was only 2.9 times more active than GalNAc (Curve 7); and GalNAcal->Ser/Thr (Tn) glycopeptides (Curve 3) reacted 3.6 times better than p-nitrophenyl-aGalNAc (Curve 5), which was 10.4 times better than GalNAc. Thus, the a-anomeric configuration of GalNAc must play a major role in CFT binding, while size and conformation of oligosaccharides, steric effect by nearby molecules, hydrophobic interaction, and a substitution of OH at carbon-3 of GalNAc in the pyranose Carbohydrate specifidty of Codium fragile subspecies tomentosoides lectin Tne symbol in parentheses indicates the human blood group activity and/or lectin determinants (Tn, T). The value in parentheses indicates the % of (j.gN precipitated at maximum when the amount of lectin added is expressed as 100% ( = 4.7 u-gN). The percentage of maximum precipitation contains some glycoprotein nitrogen. The contribution of glycoprotein nitrogen at maximum precipitation is insignificant when the glycoprotein added is less than 20 u.g.
form by Gal(31->3 as in Gaipi-»3GalNAc also play significant roles in binding. Summarizing the present and previous results (Wu et ai, 1995a) , we conclude that the combining site of CFT is probably of a groove type that recognizes from a single GaTNAcal-» residue up to the pentasaccharide structure (GalNAcal->3GalNAcpl->3Galal->4Gaipi-> 4Glc, Fp), in which GalNAcod-» containing oligosaccharides, and GalNAc substituted at carbon-3 containing ligands such as GalNAcal-»3GalNAc and GalNAcal->Ser/Thr clusters, but not GalNAc|31->, are the major contributors involved in binding. Furthermore, the reactivity of GalNAcal-» can be shielded by a nearby sialic acid residue (Figure lb,c) . To establish a more detailed specificity of CFT, GalNAcal-> 3GalNAc (F) as well as other GalNAc substituted at carbon-3 containing ligands (GalNAcpi-»3GalNAc, GalNAcal-> 3GalNAcal-> and Gaipi->3GalNAc31->) should be studied. These ligands will be tested when they become available. Most of the GalNAcal-> specific lectins recognize strongly Nanograms of glycan added .01 .1 1 10 100 1000 10000
Nanomolee inhibitor added (Wu and Sugii, 1988, 1991; Wu et al., 1997) , while CFT is the only lectin hitherto studied which reacts well with both, including the Gaipi->3GalNAcal-» (Ta) determinant. It is obvious that the binding property of CFT has potential as a probe to detect GalNAcal->Ser/Thr (Tn), Gal(}l->3GalNAcal->Ser/Thr (Ta), GalNAcal-) 3GalNAc (F), and GalNAcal -»3Gal (A) containing glycofonns, but not GalNAcpi^3/4Gal (P/S) residues. It may also be useful as a marker for tumor growth (Springer, 1984; Hakomori and Kannagi, 1986; Itzkowitz et al, 1990) .
and GalNAcal-»3GalNAcpi-»3Galal-» 4Gaipi-»4Glc(Fp) were from Accurate Chemical & Scientific Corporation, Westburg, NY. Tn glycopeptide preparation: The OSM Tn glycopeptides were prepared from asialcnOSM, which was dissolved in 15 mM phosphate-buffered saline (PBS, pH 7.5), and digested by proteinase K (Sigma Chemical Co., St. Louis, MO, 10 mg glycoprotein/mg enzyme) at 37°C for 6 h, followed at 65°C overnight. The precipitate was removed by centrifugarion at 13,000 r.p.m. for 30 min. The supernatant was redigested by adding half the amount of proteinase K. Digestion was repeated three times. The glycopeptides were harvested and filtered through molecular mass cut off (MMCO) 3000 membrane (Amicon Co., USA). Tn glycopeptides used for this study were mixtures of Tn containing glycopeptides in the filterable fraction (MMCO < 3000). The size distributions of the Tn containing glycopeptides were examined by Bio-Gel P-2 (400 mesh) column chromatography using ddH 2 O as eluant and dextran, raffinose (trisaccharide), and glucose as references.
Materials and methods
The lectin
The green marine algae, Codium fragile subspecies tomentosoides (Roger et aL, 1986) , was purchased from Sigma Chemical Company (St. Louis, MO).
Gtycoproteins and potysaccharide
Ovine and bovine salivary glycoproteins (OSM-major and BSM-major) were prepared by the method of Tettamanti and Pigman (1968) . The products had the same chemical composition as described previously and gave a single symmetrical peak in the ultracentrifuge by sedimentation velocity analysis (1% OSM or BSM in 1 M NaCl solution). Hamster submaxillary glycoprotein and its desialized product were purified by the procedure described by Downs et aL (1976 ).and Wu et aL (1979 .
The active antifreeze glycoproteins (M, 10,500-21,000 Da) and the inactive ones (M, 2000-3800 Da) (de Vries et al., 1970; Lin et aL, 1972) were provided by Dr. R. E. Feeney through the courtesy of Professor M. Heidelberger.
The Tamm-Horsfall glycoproteins (THGP) were kindly given by Dr. W. M. Watkins (Tamm and Horsfall, 1950; Soh et aL, 1980; Donald et aL, 1982 Donald et aL, , 1983 .
For desialylation, a sample of glycoprotein in 0.01 N HC1 was hydrolyzed at 80°C for 90 min and dialyzed against distilled H 2 O (Wu et al., 1995b,c) .
Streptococcal group C polysaccharide (Krause and McCarty, 1962) were from Dr. R. M. Krause. Arabinogalactan was purchased from Sigma Chemical Co. (SL Louis, MO.).
Sugar inhibitors
Monosaccharides, their derivatives and oligosaccharides were purchased from Sigma Chemical Co. (St. Louis, MO). GalNAcal-»3[LFucal-»2]Gal(Ah),
Lectinochemical assays
Quantitative precipitin and precipitin-inhibition assays were performed by a microprecipitin technique (Kabat, 1961) using 4.7 u,g of protein nitrogen (N) for each determination; total N in the washed precipitates was estimated by the ninhydrin method (Schiftman et aL, 1964) .
The microtiter plate Uctin-enzyme binding assay (Duk et aL, 1994) The assay was performed according to the procedures described by Duk et aL (1994) . The volume of each reagent applied to the plate was 50 jil/well, and all incubations, except for coating, were performed at 20°C. The reagents, if not indicated otherwise, were diluted with TBS containing 0.05% Tween 20 (TBS-T). The TBS buffer or 0.15 M NaCl containing 0.05% Tween 20 was used for washing the plate between incubations.
The 96-well microtiter plates (Nunc, MaxiSorp, Vienna, Austria) were coated with asialo ovine submandibular glycoprotein at amount of 1 -800 ng/well in 0.05 M carbonate buffer, pH 9.6, overnight at 4°C. After washing the plate, biotinylated lectins were added and incubated in the wells for 30 min. The plates were washed to remove unabsorbed lectin and ExtrAvidin/alkaline phosphatase solution (Sigma, diluted 1:10,000) was added. After 1 h the plates were washed at least four times and incubated with p-nitrophenyl phosphate (Sigma 104 phosphatase substrate 5 mg tablets) in 0.05 M carbonate buffer, pH 9.6, containing 1 mM MgCl 2 (1 tablet/5 ml). The absorbance was read at 405 run in a microtiter plate reader, usually afteT 30 min incubation with the substrate.
For inhibition studies, the serially diluted inhibitor samples were mixed with an equal volume of lectin solution of constant amount. The control lectin sample was diluted 2-fold with TBS-T. After 30 min at 20°C, the samples were tested by the binding assay, as described above. The inhibitory activity was Carbohydrate specificity of Codium fragile subspecies tomentosoides lectin estimated from the inhibition curve and is expressed as the amount of inhibitor (nmol/well) giving 50% inhibition of the control lectin binding.
All experiments were done in duplicate or triplicate and results are mean values. The standard deviation did not exceed 10% and in most experiments was less than 5% of the mean value. The control wells, where coating or addition of biotinylated lectin was omitted, gave low absorbance values (below 0.1, read against the well filled with buffer) and were used as blank. It showed that blocking tbe wells before lectin addition was not necessary, when Tween 20 was used in TBS.
Abbreviations
Lectins: CFT, Codium fragile subspecies, tomentosoides agglutinin (green marine algae). Monosacchandes: GalNAc, 2-acetamido-2-deoxy-Dgalactopyranose; Gal, D-galactopyranose; LFuc, L-fucopyranose; GlcNAc, 2-acetamido-2-deoxy-D-glucopyranose; NeuNAc/Neu5Ac, Af-acetylneuraminic acid; NeuNGc, A'-glycolylneuraminic acid. Glycoprotein (GP): OSM-major, major fraction of ovine submandibular glycoprotein; BSM-major, major fraction of bovine submandibular glycoprotein; HSM, hamster submandibular glycoprotein; THGP, Tamm-Horsfall glycoprotein from human urine. The carbohydrate structural units (lectin determinants) used to characterize binding properties of applied lectins (Wu and Sugii, 1988, 1991; Wu et at, 1997) are: F, Forssman specific disaccharide (GalNAcal->3GalNAc); Fp (Forssman pentasaccharide, GalNAcal->3GalNAcpi-> 3Galcd->4GalBl->4Glc); A, human blood group A specific disaccharide (GalNAcal-»3Gal); A b , GalNAcal-»3[LFucotl-»2]Gal, blood group A specific disaccharide containing crypto H determinant; Tn, GalNAcocl-»Ser/Thr; P/S, human blood group P" and Sd(a + ) active disaccharide (GalNAcBl->y4Gal); I, human blood type I precursor sequence (GalBl-»3GlcNAc); n, human blood type II precursor sequence (Gaipi->4GlcNAc); L, Gal01->4Glc; T, GalBl->3GalNAc, To, GalBl -»3GalNAcal -»SerATnr, the mucin type sugar sequence on the human erythrocyte membrane; B, blood group B specific disaccharide (Galotl-»3Gal); E, galabiose (Galal->4Gal) sequence, a receptor of the uropathogenic E.coli ligand. QPA, quantitative precipitin assay; QPIA, quantitative precipitin-inhibition assay.
